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ABSTRACT

Fortran digital-computer routne o calculate absoriolssorado
wave propagation inthe troposphere have been developed, and machine

plots of radar attenuation as a function of range have been made for a

standard atmosphere, over the frequency range 100 MHz to 100 GHz. The

tropospheric noise temperature has also been calculated and plotted. This
work is an updating of earlier calculations that were less accurate, especially
in the frequency range above 10 GHz. Separate curves for the oxygen
and water-vapor components of the absorpto loss are provided in addition
to the curves for total loss; this allows the loss for values of water-vapor
density other than the standard 7.5 g/m3 to be found, by applying a simple
mult'plicative factor. The computer routines, listed at the end of the
repart, have also been used as part of a computer program to calculate the
maximum range a radar system.

PROBLEM STATUS

A final report on one phase of the problem.
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NRL Problem R02-64

Project SF-11-141 .005-15483

Mtnuscript submitted July 13, 1972.
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RADAR/RADIO TROPOSPHERIC ABSORPTION AND
NOISE TEMPERATURE

INTRODUCTION

The objective of the work reported here was to develop a computer program for

calculating the absorption of radio waves by the oxygen and water vapor of the earth's
lower atmosphere - the nonionized region known as the troposphere. Resulting calcula-

tions have been used to produce machine-plotted curves of attenuation as. a function of

frequency and other parameters. The requirement thet instigated this work was the need

to know the magnitude of the absorption loss in calculating the maximum range of a

radar.. The computer subroutines to be described have in fact been incorporated into a

larger program that computes radar maximum range (1). However, the results are equally

applicable to radio systems of any type that use the troposhere as a propagation medium.

The frequency range considered is 100 MHz to 100 GHz. Below 100 MHz (and

even somewhat above this frequency) tropospheric absorption is negligible. Above 100 GHz

strong water-vapor resonance lines result in great absorption; this region is not of much

current interest for radar.

The work described updates earlier work begun in 1958, described in various'NRL

reports and other writings (2.8). The original Work (2,4,6) resulted in curves plotted

manually from manual calculations for frequencies from 100 MHz to 10 GHz. Later -

(7,8), the NRL NAREC digital computer was used. to. recalculate the absorption and noise.

temperature more exactly and to-extend the frequency range to 100 GHz. However in

that work (as in the earlier work) the ~"centroid approximation". of Van Vleck (9) was

used to calculate the ox-igen absorption; hencc .he results were not. accurate in and near

the 60-GHz oxygen resonances, that is, in the region from about 50 to 70 GHz. Also,

the so-called residual absorption below 100. GHz due to strong water-vapor resonances at

higher frequencies was approximated by a formula suggested by Van Vleck (10), but the

low..

In the current work, presented in this report, the oxygen resonances are explicitly
and individually inlddi h acltion, so that the results are valid in the region

from 50 to 70 GHz. The equations used are those of Meeks and Lilley (11) as slightly

modified by Reber, Mitchell, and Carter (12).: Improved numerical intgainfrus

are used for the cumulative-absorption and noise-te-mperature calculations. An improved

expression is used for the residual effect of the millimeter-wavelength water-vapor

resonances, with a constant based on experimental results near 100 GHz reported by

Straiton And Tolbert (13). Also a more sophisticated equation for the absorption of the

223-G.Hz water-vapor line, due to Liebe (14), is used. Finally an improved model of,

the atmospheric water-vapor content is used. The numerical results of these, improved

calculations differ significantly from the previous results only above about 10 GHz. Below

that frequency the differences are small.

1
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2 L.V.BLAKE

Many authors have made absorption calculations, and it is therefore pertinent to state
why it is necessary or desirable to publish these of the present report. Among others
the reports and papers of Bean and Abott (15), Hogg (16), Schulkin (17), Le Fande (18),
and Ulaby and Straiton (19) may be cited, in addition to those previously mentioned.
This list is not exhaustive; in particular, it does not include all of the work published in
other countries, some of which is referenced by the authors cited. The published results
by these authors have been either limited to calculation of the absorption coefficient
(absorption per unit distance) as a function of frequency rather than calculation of the
cumulated absorption along a ray path or limited to calculation of the total absorption
for paths traversing the entire troposphere. Some results are limited to specific frequency
regions or absorption lines. Moreover the curves presented by most other authors cannot
be read with sufficient accuracy to be useful for practical calculations of radio or radar
system performance.

For radar detection-range calculations the absorption between two points within the
troposphere is usually needed, rather than total absorption through the entire troposphere.
This report, and its predecessors, present curves of the former type (as well as the latter),
with coordinate grids and scales that permit reading values to at least two-significant-
figure accuracy. The curves of the present report have been plotted using the NRL Gerber
plotter (Gerber Model 875 automatic drafting machine) and special computer plotting
subroutines. The coordinate grids as well as the curves are plotted in a single operation,
to avoid registration errors. The plotting accuracy is of the order of 0.001 inch on the
original plots, which have been photographically reduced to about 113 to 1/5 as large for
reproduction in this report. .3

To the author's knowledge results published by others based on computer calculation
have not been accompanied by listings of the computer programs used. The programs
* previously written for, the NAREC computer, on which the author's previous reports
were based, were written (by Maurice Brinkman, of the NRL Research Computation - i
Center) in the NELIAC language, which was never widely used and is no longer much
used at NRL. The newer routines, described in this report, have been written by the i1
author in Fortran for the NRL CDC-3800 computer. Complete listings of these routines
will be given in the last section of this report. Although versions of the Fortran language
used with other machines may differ slightly, the differences are usually minor, so that
the routines can be readily adapted to any computer that has a Fortran compiler.

Another feature of the curves presented in this report is the separation of the oxygen
and water-vapor absorption losses, in addition to curves showing the combined absorption
loss. The combined results are for a "standard" atmospheric water-vapor density of 7.5
grams per cubic meter. The oxygen component of absorption is relatively stable and
insensitive to day-to-day changes in the atmosphere. For various atmospheric conditions
however the water-vapor content may vary between roughly 2 and 20 grams per cubic
meter. The water-vapor absorption is (except for a small and generally insignificant non- SI
linearity) proportional to the water-vapor density. Consequently separate oxygen and
water-vapor curves allow the water-vapor component to be adjusted for any water-vapor
content other than the standard 7.5 grams per cubic meter by simply multiplying the
7.5-gram absorption value by p/7.5, where p is the actual gram-per-cubic-meter water-vapor 4
content. This corrected water-vapor absorption can then be directly added to the oxygen
absorption to obtain the total absorption.

A.4
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The curves presented for cumulative attenuation along a ray path are for the radar
case of two-way traversal of the path. Consequently the decibel attenuations are exactly
twice as great as they would be for the radio-communication case of one-way propagation.
The curves can be used for one-way systems by simply taking half of the decibel attenuation A
values shown for the radar case.

ABSORPTION COEFFICIENT FOR OXYGEN

As mentioned in the Introduction, the absorption coefficient for oxygen has been i
calculated using equations given by Meeks and Lilley (11), as slightly modified by Reber I
et al. (12). The theory was originally due to Van Vleck (9); later workers have refined
some of the details. In particular Meeks and Lilley have formulated a refinement of the
dependence of the line-breadth constant (which will here be denoted Af) on altitude
(pressure and temperature), and Reber et al. have made a slight further refinement of
this factor.

The Meeks and Lilley equations are a summation of the absorption over many oxygen
resonance lines in the vicinity of 60 GHz. These resonances occur for odd-integral values
of the rotational quantum number N, that is, for N = 1, 3, 5 .... It has been determined
(11) that the contribution of terms above N = 45 is negligible; hence 45 is the largest
value included in the summation. For each odd value of N there are two resonance
frequencies, denoted fN+ and fN-. These resonances are listed in Table 1, as given by
Meeks and Lilley. The absorption at an arbitrary frequency f is the sum of contributions
from each of these collision-broadened resonance lines, plus a nonresonant component.
The broadened resonance lines are assumed to have shapes defined by the Van-Vleck-
Weisskopf formula:

(fN± - f)2 + (Af)2 (fN± + f)2 + (Af)2 (1)

The nonresonant contribution is of the form

Af
F0 = (2)

f2 
+(Af)

2

The terms summed over odd values of N are of the form

N (FN+ 2+ 2 + 2 -E e kT (3)(F N+ FN. +N F0 J0 e ,3

where

2 N(2N + 3)

UN-1 ' (4)

. '
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Table 1

Oxygen Resonance Frequencies

NN- (GIH) fN- (GHz)

56.2648 118.7505
3 58.4466 62.4863

59.5910 60.3061
7 60.4348 59.1642
9 61.1506 58.3239

11 61.8002 57.6125
13 62.4112 56.9682
15 62.9980 56.3634
17 63.5685 55.7839
19 64.1272 55.2214
21 64.6779 54.6728
23 65.2240 54.1294
25 65.7626 53.5960

P 27 66.2978 53.0695

29 66.8313 52.5458
31 67.3627 52.0259
33 67.8923 51.5091

35 68.4205 50.9949 4

37 68.9478 50.4830
39 69.4741 49.9730
41 70.0000 49.4648
43 70.5249 48.9582

:45 71.0497 48.4530

2 2(N 2 + N + 1)(2N + 1) (6)
11NO N(N +1)

>: ~and

EN/k = 2.06844N (N + 1). (7)

S The complete expression for the absorption coefficient is

a(f, p, T) = CpT 3 f2 LAN (8)

where p is the atmospheric pressure and T is the absolute temperature. For f and Af in

gigahertz, p in millibars, T in degrees Kelvin, and a in decibels pir kolometer, C = 2.0058.

For a in decibels per nautical mile, C = 3.7148. (One nautical mile is 1852 meters:

a, exactly.)

Van Vleck (9) estimated that Af was approximately 0.6 GHz at 1 atmosphere pressure

and standard sea-level temperature and that it was proporTional to pressure and inversely

I -
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o the square root of absolute temperature. Later workers have suggested.
'rimental evidence, that the dependence on pressure and temperature is more
The Reber-Mitchell-Carter (12) modification of the Meeks-Lilley (11) model
dence is given in terms of altitude h above sea level:

Af = g(h) (p/pO) (TO/T), (9)

013.25 millibars (760 torr), To = 3000K, and

g(h) = 0.640, 0 < h < 8 km,

g(h) = 0.640 + 0.04218(h -8), 8 < h < 25,

g(h) = 1.357, h > 25 km.

(10)

(11)

(12)

These are the equations and constants that have been coded in Fortran in Subroutine
ALPHA, listed in the last section of this report, for computation of ALPH02, the oxygen
absorption coefficient.

ABSORPTION COEFFICIENT FOR WATER VAPOR

The absorption due to water vapor in the frequency region below 100 GHz can be
separated into two components, one due to the water-vapor resonance at 22.235 GHz
and the other due to the residual effect of the many resonance lines above 100 GHz. The
absorption coefficient due to the 22.235-GHz line, which will be denoted cr2 2 , has been
computed from equations given by Liebe (14). The following equation is a combination
of his equations 2a, 6, 7, and 8:

022 = ( c ) (10 log10 e) SO p'w (300) e2 .1 4 4 (1 3 0 0 /T) F dBikmy (13)

where the symbols are defined as

c = 2.998 X 105 km/sec,

S0 = 13.92 Hz/torr,*

pw- partial pressure of water vapor (torr),

T -temperature (degrees Kelvin),

F - line-shape factor.

As was done for oxygen, F is taken to be the Van-Vleck-Weisskopf function (here includ-
ing the factor f/fr):

*The theoretical value (14) is 14.33 Hz/torr, but the author has been advised by Dr. Liebe (private
communication dated June 6, 1972) that this value involves approximations and that the experimentally
determined value 13.92 is probably more accurate.

I
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F L( f)2 + (f) 2  Afr +102 +(A ](

where Ir ' 22.235 GIz.-

The equation given by Liebe for At is

Af = 17.99 X 10-3 PW (300io) + 0.208 4 6 (pt - Pw)] (3001T)0.63}, (15)

where again pw is the water-vapor partial pressure in torr and p. !, the total atmospheric

pressure in torr; T isi as before, the temperature in degrees Ke(in. The atmospheric 16essure

p in millibars is given by A
p 1.33322pi, (16)

and the water-vapor partial pressure in torr is given in terms of the water-vapor density p

in grams per cubic meter (for atmospheric concentrations) by X

pT/288.75. (17)

Combining all of the numerical constants, with f expressed in gigahertz, p in millibars,

and Pw in torr, results in

-2.534 x 10-3 [fpw (300/T)7 1 2 e2 . 4 4 (t - 3001T Fl dB/km (18)

and 
1

Af 17.99 X 10-3 {Pw [(300/T) + 0.20846 (0.75 p -pw)] (300/T) 0 6 3 }* (19) v

* These are the equations and constants that are Fortran coded in Subroutine ALPHA

for the computation of ALPH22, the absorption coefficient for the 22.235-GHz water-

vapor line, except that the constant 2.534 in Eq. (18) has been increased to 4.693 to

give the absorption in decibels per nautical mile. The water-vapor parameter actually

employed in the model atmosphere is the water-vapor density p (grams per cubic meter)

rather than the partial pressure in torr; it is converted to partial pressure by Eq. (17).

The residual effect of w"nter-vapor absorption lines above 100 GHz has been assumed, I
following Ulaby and Straiton (19) and others:*

:res = CR (P/Po) (p/Pa) (To/T)5/2 (f/fo)2  (20)

where p is the water-vapor density (grams per cubic meter), p is the atmospheric pressure,
t T is the. temperature, PO, p(, and To are the zero-altitude values of p, p, and T, and fo ;

is a reference value of f. The constant CR can be taken from expermental results at any -1

*Ulaby and Straiton attribute this exponent for the dependence on temperature to Van Vleck, although

It it is not given explicity in Van Vleckos paper n vater-vapor absorption (10). It is probably deduced

from thei footnote on page 420 of his paper or. oxygen absorption (9).

V- , 
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suitable frequency f0. Based on measurements reported by Straiton and Tolbert (13).

the value CR - 0.4 dB/km at to - 100 GHz has been adopted here. For p in millibars,

taking p0 - 1023.23 millibars*, To 288.160 K, po - 7.5 grams per cubic meter (the J

value for the standard atmosphere which will be described in a later section), and f0

100 GIz, this formula becomes

are 7,347 X 10-3 ppT-6I/2 f2 dB/km. (21)

This is the expression that has been coded in Fortran for the absorption coefficient (named

ALFRES in Subroutine ALPHA) due to the residual effect of the water-vapor lines above
100 GHz except that the constant 7.347 X 10-3 has been changed to 1.361 X 10--2 to

give the absorption in decibels per nautical mile.

DISCUSSION OF ABSORPTION-COEFFICIENT
FORMULAS

The total absorption coefficient of the troposphere is the sum of the oxygen and

water-vapor coef-.icients, and the water-vapor coefficient is in turn the sum of the coefficients

for the 22.235-GHz line and the residual effect of lines above 100 GHz. Of these I

components of the total absorption, the one that has the poorest theoretical basis is the
residual effect of the above-100-Gliz (millimeter-wave and infrared) water-vapor resonances.

As has been well known for some time (10,1 1,18) the application of the theoretical line
strengths and the Van-Vleck-\Veisskopf collision-broadening formula, Eq. (14), give absorp-

tion values that are too low by a factor of at least 5. Other line-shape formulas have

been proposed, but no fully satisfactory theoretical solution of the problem has been
advanced, to the author's knowledge. Consequently the empirical formula and constant

used here are believed to be as good a solution as car. be applied at present.

The use of the Van-Vleck-Weisskopf line-shape formula (20) for oxygen and for the

22.235-GHz lines is similarly suspect for absorption prediction at frequencies far removed

from the resonance frequencies. However this matter is not so serious for these lines,

because at frequencies far removed from the 22.235-GHz line its contribution is dwarfed
by the contributions of the oxygen and higher-frequency water-vapor absorption lines

and because the oxygen-line contributions at frequencies above about 90 Ghz are similarly

dwarfed by the contributions of the millimeter-wave water-vapor lines, except in a very

narrow region about the isolated oxygen line at 118.75 GMz. The oxygen absorption is

also small compared to the water-vapor absorption in the near vicinity of the 22.235-GHz

water-vapor line. At frequencies well below the 22.235-GHz line the nonresonant

component of oxygen absorption is the dominant factor. No criticism of the shape factor

for this component (Eq. (2)) has been found in the literature by the author.

As mentioned in the Introduction, the results for oxygen and for water vapor are 3

presented in this report separately as well as in combination, so that correction to the

latter can be made for any desired deviation from the standard 7.5-gram-per-cubic-meter
water-vapor content. It was there stated that a simple multiplicative factor pipo could be

applied, where p is the desired Wader vapor density and p0 = 7.5 is the standard value.

As Eq. (19) shows, this is not quite true; there is a small nonlinear dependence of Af on

*This va!ue of po is the total pressure, consisting of the dry-atmosphere stanlard pressure of 1013.25

millibars and the water-vapor partial pressure of 9.98 millibars corresponding to p = 7.5 g/m 3.

'-- -...



L. V. BLAKE

p (through p,) in addition to the linear explicit dependence of a on p, Eq. (18). A
similar slight nonlinearity would appear in the residual contribution of the higher-frequency
lines if an exact expression were used, but again the nonlinearity is slight, and in view of
the empirical nature of Eq. (20) it was not thought worthwhile to include it.

MuDEL OF THE ATMOSPHERE

The absorption coefficients, for which formulas have been given in the preceding '
sections, describe the rate at which signals traversing an atmospheric path will be attenuated,
as a function of the pressure, temperature, and water-vapor density. To find the altitude
dependence of the absorption coefficient, it is necessary to have a model of the altitude
dependence of pressure, temperature, and water vapor in the atmosphere.

Pressure-and-Temperature Model

The model adopted here for the pressure p and temperature T of the standard
atmosphere iF the U.S. extension to the ICAO Standard Atmosphere (21); this is, for
the altitudes considered here (up to 100,000 feet or 30.48 kilometers), the same as the
ARDC model atmosphere.

The equations describing the temperature (degrees Kelvin) and pressure (millibars)
of this atmosphere in terms of the geopotential altitude hg (meters) are*

T = 288.16 -0.0065 hg g 1
hg < 11000, - (22);

p = 1013,25 (T/288.16)a)

T =216.66 )-
T 26000 < h < 25000, (23)

p (226.32/T) exp V13(hg -11000)]

T = 216.66 + 0.003 (hg 25000)f
t25000 < hg < 47000, (24)

p = 24.886 (216.66/T)7  .-

where

Xa 5.2561222,
= 0.034164794

y= 11.388265.

The relationship between geopotential altitude hg and geometric altitude ha is

hg rha/(r ha) (25)

Reference 21, pp. 6 and 7, Eqs. (13) and (15).

I ___________
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where r is the radius of the earth, taken to be 6,356,766 meters. This relationship, which

is Eq. (10) of Ref. 21, is valid for the altitude range considered here. i

The absorption losses were computed in terms of altitude in feet and decibels per

nautical mile, to conform to the measurement units employed by Navy radars. The con- -
version from feet to meters is 1 foot = 0.3048 meter exactly; the conversion from nautical

miles jt 1 nautical mile = 1852 meters exiactly.

This model of the atmosphere is incorporated into the absorppion-coefficient computer

subroutine ALPHA, as a table of values at 75 specified altitudes, in the form of Fortran

DATA statements. The pressure is given by the dimensioned identifier PP and the tempera-

ture by TT. The 75 altitudes (hf) range from 0 to 1iO,000 feet in steps Ah that are :

graduated according to the following scheme:

Ahl= 100 ft, hf < 2000 ft,

Ah = 1000 ft. 2000 < hr < 30000 ft.

Ah = 2000 ft. 30000 < hr < 70000 ft.

Ah= 5000 ft. 70000' < hf < 10000 ft.

This graduation provides more closely spaced points at low altitudes, where absorption is

greater and therefore!where rmore accurate interpolation of the tabulated values is desirable.

The interpolation is provided by the numerical integration subroutines usud in computing

the cumulative absorption' As will be discussed in detail later, the integration is done by

a modification of Simpson's rule, so that the interpolation is more accurate than would be

obtained by-using the trapezoidal rule (linear interpolation).
S. 

.I I

Water-Vapor Model -',

No accepted standard profile of water vapor has been universally adopted. The one

used here is taken from a report by Sissenwine et al. (22). Their values for the water- '

vapor density up to 32 km (104,987 ft) are given in'Table 2. As shown, the vapor density

is specified at. 2-km intervals, and the surface value is 5.947 gfm 3 . The values' correspond-

ing to the 75 altitudes specified in Subroutine ALPHA were found by interpolating. These

values were then multiplied by the factor ,7.5/5.947 = 1.26114, to convert them to the !

surface water-vapor value of 7.5 g/m3 that seems to have been adopted as a standard by

workers in the field of water-vapor absorption. The interpolation was done by use of aX

special computer subroutine by a method equivalent to using a French curve on a plot

of the data points. This method is described (in terms of curve plotting). in an NRL i

Memorandum Report (23). The resulting values of water-vapor density are incorporated ,

in Subroutine ALPHA in the form of aiDATA statement for the dimensioned -identifier RR.

Subroutine ALPHA also has a COMMON statement containing a variable named

RHOFFAC. This quantity is set equal to 1 iA a DATA statement, but may be set to other

values by use of the COMMON statement in the main program or in another subroutine,'

All the values of water-vapor density in the model atmosphere are multiplied Vy RH0FAC

in Subroutine ALPHA. Consequently if for example calculations of the attenuation and

noise temperature for a surface water-vapor density of 15 gfm3 are wanted, the desired -I
result will be obtained by setting RHOFAC = 2. ; .

. I !

. . I - A
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Table 2

Midlatitude Mean Water-Vapor Dernsities*

Altitude (km) Density (g/m 3 )

o 5.947 X 100

2 2.946 X 100
1.074 X 100

6 3.779 X 10-1 A

8 1.172 X 10-1
10 1.834 X 10-2 i
12 3.708 X 10-3
14 8.413X 10-4

16 6.138 X 10-4
18 4.449 X 10-4

20 4.449 X 10-4
'22 5.230 X 10-4
24 6.138 X 10-4
26 7.191 X 10-4

28 5.230 X 10-4
30 3.778 X 10-4
32 2.710 X 10-4

.From Ref. 22, Table 3. 1
This procedure may result in vapor densities that exceed the saturation values for

the temperatures assumed. However this is probably not a serious violation of realism.

, It means that the temperature values should also be adjusted when the water-vapor density

is increased significantly. But since the water-vapor attenuation depends somewhat weakly

on the temperature, the inaccuracy that results from failure to readjust the tropospheric

X - temperatures to values compatible with the increased vapor densities is probably slight.

It is noteworthy that p (h) does not decrease monotonically in this model. It does

decrease up to 18 km, remains constant to 20 km, and then actually increases from 20 to a

* - '26 km; thereafter it again decreases. However, this nonmonotonic behavior is probably

not too significant from the absorption viewpoint, because it occurs at a vapor-density

level that is too small to contribute appreciably to the absorption.

Absorption Coefficients in the Model Atmosphere:

The variation of the absorption coefficients at zero altitude in this model atmosphere

for oxygen, the 22-GHz water-vapor line, the' residual effect of higher-frequency water-

vapor lines, total water vapor, and combined oxygen and water-vapor absorptions are

plotted for the frequency range 100-MHz to 100 GHz in Figs. 1 through 5. Figure 6

illustrates the behavior of the absorption coefficients with altitude at several frequencies a

in the most-used part of the radar frequency spectrum, from 100 MHz to slightly above

30 GHz. These curves have been machine plotted from computations made with computer

subroutine ALPHA, which is listed in the last section of this report. The plots have been

made in terms of decibels per kilometer to facilitate comparison with other similar curves,

although the curves of cumulative absorption loss, shown later, are plotted to nautical-mile

scales.
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EQUATIONS FOR CUMULATIVE ABSORPTION

To find the total attenuation along a ray path in the atmosphere, it is necessary to
integrate the absorption coefficient along the path. This path is formally defined by the
following relation between range R (as would be measured by a radar) and height h:

R(hl)= |dddh' (26)

To calculate cumulative absorption along a ray path from the earth's surface to an
altitude h, the bending of the ray path caused by refraction should be taken into account.
This is a function of the ray elevation angle as well as the refractive index profile. The
refraction is significant only at relatively low angles. In principle the refractive index
should be calculated from the water-vapor/temperature profile of the atmosphere. However,
since the refraction does not have a major effect on the absorption, it was decided to take
it into account simply by assuming a standard exponential model of the refractive index,
the so-called CRPL Exponential Atmosphere (24) for surface refractivity N. 313,
given by

n(h) 1 + 0.000313 e-kh, (27)

where n is the refractive index and k 0.00004385 for h in feet.

Taking the refraction into account, from Snell's law the derivative in Eq. (26) is

given by

dR = n(h) (
F nocos~ 12'(28)

1 [ n(1 -h/rO)J

in which n(h) is given by Eq. (27), n 0 = 0.000313, 00 is the initial elevation angle of the

ray (angle at h 0 0 relative to the horizontal), and ro is the earth's radius. (The earth's
radius for the CRPL Exponential Atmosphere is taken to be 6370 km, or 2.0899 X 1O7 ft.)

The cumulative attenuation along this ray path is given by

A(R1) =2 dhi ds (29)
ahjjdh.

in which R1  R(hl), ac(h) is the absorption coefficient at height h, arnd

ds 1 dR (30)
dh n dh

That is, dsldh is given by Eq. (28, with 1 substituted for n(h) in the numerator; R is the
distance as measured by a radar, along the ray path, and s is the corresponding geometric
distance. The factor 2 in Eq. (29) is used to obtain the radar attenuation, for two-way
traversal of the path.

--- - .- -lak�� It .11 "..' - --
W - __ ,
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The cumulative absorption is calculated in a Fortran subroutine named ATLOSS, which
is listed in tne last seaction of the report. The derivatives ds/dh and dR/dh are computed in

the short subroutine named DDH; the derivatives are therein named DSDH3 and DRDH3.

The cumulative integration is performed by a modified Simpson's rule which is
described in an NRL Memorandum Report (25). However instead of the actual subroutine
described in that report an equivalent procedure is programmed in Subroutine ATLOSS.
The method allows the cumulative absorption to be found at each of the 75 ranges (heights)
at which a is specified, rather than only at every other one (half as many), as would
result it thi.' sUPl form of 3impson's rule were employed.

This integration cannot be performed however at h = 0 when 00 = 0, because then
the integrand becomes infinite. A special technique is used to approximate the integral
in a small region about h = 0 where 00 = 0 (actually, in this case, from h = 0 to h = 200

feet); this technique was described in a paper by the author (26).

Subroutine ALPHA is called by Subroutine ATLOSS for a specified frequency, and
the resulting 75 absorption coefficients aC(h) are used to calculate the absorption (using
Eq. (29)) at 75 corresponding ranges (found from Eq. (26)) along the ray path for the
specified elevation angle. These points allow a curve of attenuation in decibels to be
plotted as a function of the range in nautical miles, with frequency and elevation angle
as parameters. Such curves are given for 38 frequencies in the range 100 MHz to 100 GHz
for several elevation angles, as Figs. 7 through 98. Below 1500 MHz only the oxygen
attenuation is plotted (Figs. 7 through 17), since water-vapor attenuation is negligible.
At 1500 MHz and above plots are given for oxygen and water vapor separately, and for the
total attenuation. These curves can be used for estimating tropospheric attenuation for
earth-based radars, for targets in the troposphere. They can also be used for estimating
attenuation for point-to-point radio communication when one terminal is earth-based and
the other is airborne (ground-to-air, ship-to-air, or vice versa), by taking half of the plotted
decibel values.

The water-vapor and total-attenuation curves are plotted for the standard water-vapor ;
density (at zero altitude) of p6 = 7.5 g/m3. The total attenuation for any other value
of p, can be obtained by multiplying the decibel value read from the water-vapor curve J
by p,/7.5 and then adding the result to the decibel value read from the corresponding
oxygen curve.

Curves of the absorption through the entire troposphere, for oxygen and water vapor
separately and for the total, have also been plotted, in Figs. 99 through 101.

TROPC'3PHERIC NOISE TEMPERATURE

The troposphere radiates thermal noise, and the tropospheric noise temperature as
seen by an earth-based radar or radio antenna is given by the following equation (27):

T. =0.2303 a(R) Tt(R) e-0-2 3 0 3 foa(r)dr dR, (31)
10

I- -. :
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Fig. 35 - Total radar absorption loss for ray paths in the standard
atmosphere at 4000 MHz
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Fig. 39 - Oxygen component of the radar absorption loss for ray paths in the
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Fig. 51 - Oxygen component of the radar absorption loss
the standard atmosphere at 22.235 GHz
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Fig. 52 - Water-vapor component of the radar absorption loss for ray paths
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Fig. 54 - Oxygen component of the radar absorption loss for ray paths in
the standard atmosphere at 25 CHz
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Fig. 55 - Water-vapor component of the radar absorption loss for ray paths
in the standard atmosphere at 25 CHz
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Fig. 57 - Oxygen component of the radar absorption loss for ray paths in
the standard atmosphere at 30 GHz
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Fig. 58 - lVater-vapor component of the radar absorption loss for ray paths
in the standard atmosphere at 30 GHz
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Fig. 59 - Total radar absorption loss for ray paths in the
standard atmosphere at 30 GHz

350

w

.0

0.5 a
'a
w

1.0

2.0

5.0

10.0

IYIDR-TO-TFCET 01DSTRE (NTMICR MILES)

Fig. 60 - Oxygen component of the radar absorption loss for ray paths in
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Fig. 62 - Total radar absorption loss for ray paths in the standard
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Fig. 63 - Oxygen component of the radar absorption loss for ray paths in
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Fig. 75 - Oxygen component of the radar absorption loss for ray paths in
the standard atmosphere at 55 GHz
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the standard atmosphere at 60 GHz
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Fig. 79 - Water-vapor component of the radar absorption loss for ray paths
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Fig. 81 - Oxygen component of the radar absorption loss for ray paths in
the standard atmosphere at 65 GHz
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Fig. 83 - Total radar absorption loss for ray paths in the
standard atmosphere at 65 CHz
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Fig. 89 - Total radar absorption loss for ray paths in the
standard atmosphere at 75 GHz
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where (IR is measured along the ray path (Tn, in degrees Kelvin, is a function of the ray
elevation angle), T. is the thermal temperature of the troposphere, defined by the standard
atmosphere of Subroutine ALPHA, and a is the absorption coefficient. (The factors
0.2303 are needed in this equation because a is here assumed to be in decibels per unit
distance.)

The previously described modification of Simpson's rule cannot be used for this
integration, because it is an integration with respert to range (R) rather than height (h).
The height intervals are (within each of the four height regions defined in Subroutine
ALPHA) uniformly spaced, as required by Simpson's rule; but the corresponding range
intervals are not uniformly spaced, because of the nonlinear relationship between range
and height in the space above a spherical earth and in a refracting atmosphere (for all
elevation angles except 90 degrees). Therefore another special modification of Simpson's
rule was devised to fit this situation; it is Fortran-codtd in Subroutine 1NTGRT.

When the absorption loss is great, as it is at the oxygen resonance frequency for
example, most of the tropospheric noise seen by a ground-based antenna comes from the
lowest layer of the atmosphere; that is, the integrand of Eq. (31) is large at R = 0 and
decreases steeply beyond R = 0, going quickly to virtually zero. Because of the extreme
departure of the integrand from a parabolic curve in this circumstance, the Simpson's
rule integration is not accurate. An analytic approximation to the integral in this region
is numerically more accurate than numerical integration of the "exact" expression.
Therefore such an approximation is used for the integration over the first two height
(range) intervals, corresponding to the first 200 feet of atmospheric altitude. The approxima-
tion is derived by assuming that both a and T,, Eq. (31), are constants within those
intervals. If RI and R2 are the ranges at h 100 and h = 200 feet, then Eq. (31) for
these intervals may be written

n 12 | kIekR dR + t |: k2 e-k2R dR, (32)

where k= 0.2303Zl, k? = 0.2303&2, T., is the average tropospheric temperature in the
range interval 0 to R 1 , Tt2 is the average temperature in the interval R1 to R 2, and al
and a2 are the corresponding average absorption coefficients. Integrating this expression
gives

TnTi(1e kiR) + Tt (e-k2R e-k2 R2 (33)

This is the approximation employed in Subroutine ATLOSS for the first two range intervals.
(The approximation is used whether the attenuation is large or not, because it is equally
accurate when the attenuation is not large.)

The noise temperature is calculated in Subroutine ATLOSS, since it is efficient to
calculate it concomitantly with the absorption. The result is reported as the output
parameter ATMP. A p!lt of the resulting values for several elevation angles in the frequency
range 100 MHz to 100 GH- is given in Fig. 102. This quantity is not computed and
p!otted separately for the oxygen and water-vapor contributions, because they are not
linearly additive as are the absorption values.
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COMPUTER ROUTINES

The Fortran subroutInes ATL0SS, ALPHA, DDH, and INTGRT, which have been

discussed In the preceding sections of this report, are listed on the following pages. Their

calling sequences, pertinent COMMON blocks, and definitions of the parameters are as

follows:

SUBROUTINE ATLOSS (FMHZ, ELEV, ATMP)

COMM0N/RGAIRG(75), ATTN(3,75)

FMHZ - radio frequency, megahertz (input)

ELEV - initial ray elevation angle, degrees (input)

ATMP - tropospheric noise temperature, degrees Kelvin (output)

RG - 75 monotonically increasing values of range, nautical miles, along

the ray path from h 0 to h 100,000 ft (output)

ATTN - 75 corresponding decibel radar attenuation values (output)

for oxygen (1), water vapor (2), and oxygen plus water vapor (3)

SUBROUTINE ALPHA (FMHZ)

COMMON/PTR/PP(75), TT(75), RR(75), ALPH(3,75)

COMM)N/IH20/RHOFAC

FMHZ - frequency, megahertz (input)

PP, Tr, RR - standard atmosphere values, specified in DATA statements

(available as output via the COMMON block if desired)

RH0FAC - A numerical factor by which the water-vapor-density values of

the standard atmosphere are multiplied. If RHOFAC is not set

to some other value by the user, the value RHOFAC = 1, set by

a DATA statement, will apply.

ALPH(I,J) - the 3-by-75 output array of absorption coefficients. The I subscripts

have the meanings I = 1, oxygen; I = 2, water vapor; I = 3, oxygen

plus water vapor. The subscripts J = 1 through 75 correspond to

the 75 altitudes to which the RG values of Subroutine ATL0SS also

correspond.

SPTBROUTINE DDH(H)

COMMON/RRG/REFO, RAD, GRAD, U

C0MMON/DRS/DSDH
3 , DRDH3, AN
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H- altitude, feet (input)

REFO, RAD, GRAD, U - refractive-index profile parameters transmitted from
AT SS

DSDH3, DRD113 - ds/dh and dR/dh corresponding to H (output)

AN - refractive index n(h) at [I (output)

SUBROUTINE INTGRT (HI, 112, Y1, Y2, Y3, AREA)

If XI, X2, and X3 are successive points on the x axis of a cartesian coordinate
system and Y1, Y2 and Y3 arc the corresponding y values, then

H1 - X2 - XI and H2 X3 - X2. AREA (output parameter) is the value of
the integral:

X3
| y(x) dx, (34)

where y(x) is the second-degree polynomial that passes through the points YI,
Y2, and Y3. It is not necessary that H1 = H2.

The subroutine listings follow. (Slightly different but essentially the same subroutines
are used in a computer programn that calculates the maximum range of a radar; this program
is described Ref. 1.) The leng-th: of these subroutines (number of memory locations
required) are as follows:

Subroutine Name Octal Length Decimal Length

ATLOSS 756 494
ALPHA 520 336
DDH 211 137
INTGRT 112 74

Totals 2021 1041

r:

I:

� : �_ �
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SUPROUT INbATLOSS(F,1HtELtV itP),.,
Cr)4MEN /PTR/ PP(75), 1T(7o), NQl75)vALPH(3#75)

CWJMMt7/R0A/ Rt(75),ATIN(3.75)
DIMENSION 166(4), n6WIt<)
CUM4(N /RkG/RtrO,HAU.(QAP..J
Cu1iH()N/RS/ nbnH3,PRVHt..AN
nATA (HG(I)x0.),CATTN(ll)go) .ATTJ(2,t1)0, I)eATTN(J3vl)z) :

DATA CREFouOU031j),D(HAD:2069bQ5l.t
3 ) .GRAO:,onuo438

5 )

nATA(fLAS1O .juELAST1ILO.),CCONSTx.2-o25S
8 5)

DATA (1 6 6h10,' 14p1 o3)u(UELI4Slonl.,1000 .200nf.,5000,)
AITlUY):FAC2-i.2O5(Yl*1.oY2-.Y2 YY) Y-
AlTT2(YY):FAC2.(-.25@Y1+ . Y2*1.25YY)
Rul(I R 1=f'ACt 1 .25*UPIJWl~k . *DRnH2- .25oDR)
RU2(DR)=FACI*(-,25*DRIJ141*2.DRnH2*1.25DR) 

j

.1 (FM'Z.EDOFLAST.AND.FLEV.EOELAST) RFTURN

ELAST z ELFV

TmFTAF:LEV/57.295/795
SN=S1NCI HEIA)
CS=CGS(THLTA)
SS=SN*SN
RvI :1, +REFO
Ur-(RP*SN)**; - 2.0REf - RErDOREFO
Il (FMHZ.EO, FLASI) GJ 1T 55

CALL ALPHA(FMIZ)
FL 4Si =FMHZ

5 H:O,
RNGS0
AITENIZATIEN?=O,
K:-1
HM1.' :0.
If (ELEV.O,0.0 HMMINcl.F-9
CALL DDH(Hf MN)
DR DR1 DRDH3
DSnHl cDSDH3
ANhl:AN
TP1=ALPH(J.l) TT(l)
Tt:MP 5 0.

Yll=Yl'
Y12=ALPH(2.1)*DSDH1
Di 60 J=1,4
FAC1luELH(J)/(3.*6076.1155)
FAC2:2, *FAC1
IMAX: 166(J)
DO 61 1-1 1;MAX
K:K*2
H:14.DLLI4(J)

H1:H.IL4J
CALL UDH(H)
DRDH2=DRDb3
DzDH2=DSDH3

-AN2=AN

H=H*OELH(J)

CALL UD-H(H) '

YZ-ALPH(1,K.1 )*DSUH2

I
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y27:ALPH(2*Kg*(. DSD;4

AN 3 w'AN
JP CELEI ,LT. I.. 1ArD. H .!T. 201.) 5, 6

5 CU-CS*CS(1, RHAD-aEFORWAU/RPL)
CClsj ./(CC*6016t1155)
PX~D:~. aCCeH1

c .FJLLOWING IS APPR6X1MA1I1N REatli;?ED NJEAR TMETAEO AND HWo FOR RANGE

C CALCULATISN, RANGF IS LALCULATtD THUS FER H - 100 AND HW 206 WHEN

C ELFVAIE6N ANGLE 15 LFSS THAN I DEGREFI
RNG:CC1sPR0D/CSORlF(PN9'!jSSl )
DS1 sRNG

r A0PROXIMATE ATTENUAJTIN 15 RANGE (TWR-wAY) TIMES AVEPAGE VALUE 6r

C ALP$A IN THE RA#4GE ljNhkVAL,
AlTENlsQRNG-ALPN(1,V 1 , ALPH(1,2):
AlTEN29RNQ4(ALPH(2,l) * ALPHC2,22))

C RADAR RANGE IS GFbmETHI(: RANGE TIMES AVERAGE REFRACTIVF INbEX.

RNG=RrIG.CHP * 1. * PE;'tP.-GRADeH)) * .5
ISIG='
Gd T( 7

6 Db:RGI(DRDH3)
Rhn:R.4G#OS
D061 VS/((ANI-AN2)-,5)
AITEN1SATTENI#ATTI(Y3)
Y1ZYIZ
YZ:_Y2Z
AITENZzATTEN? * A1TT1Y32)

7 R(i(K*L):RNG
ATTN(1vK'1)z ATTENI
ATTN(L,K+,)ATTEN2
ATTN(J,K#1)9AlTENj * AT1EN2

!Gd TS Ciotti) 1SIG
11 PHQDx2.*CC0H
:RNG=C~L.PReD/(sQRTF(PHII.SS)*SJ)

DS7xRNG-DS1
ATTENlxRNG@(ALPH(llt * ALPH(ls))
ATTEN2-RNGs(ALPH(2,1) * ALPH(2.3))
RNG=RNG*(RP1 + 1.* RIUEYPC-GRADOH ) *
ISIG=1
Gw TS 12

In DS=RG2CDROH3)
RNn:RNG*DS
-DS)=DS/((AN2*AN3I'.5)
Yl=Yl1
Y-zY21
AITEN1r AITEN1 A ATT2(YJ)

Yd:Y2L-
AITEYZ: ATTEN2 * ATT2(YJ2)

17. Ru tY+2 }=RNG
AlTN(1,K+21=AITENl
Al Tl(ZK,2:A ITENZ
ATT;A(J.K,2)zATTEN1 * ATTEN2
ALe4SS=1.ee(-ATTNC3,v*+)b.n5)

- - - - - ,- i - ::- - . - -~ ;., * noAv----
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7V.5ALPHCJK*;d)oT1(K2})ALnSS
DS1 : (RG(K+jl-RG(K))/llANI#ANP)*o5)
DS2 (RGCK42)-RGCKl) )/C (AN2*A43)*.5I

C APPR0XINATleN EMPLAYEIJ IN PLACE tF FIRSJT INIkRATION STEP.

C IfIED TO GIVE VALID RtULTS IN HIGWAITENUAIkieN CASES. ANLYTIC

C AVPROXIHATION STARTS AT STAtFMENT 70.

d0 CtX:0,59C NST).ALPHt3#1)*ALPNC3,2))
CtY:o.5*CeNST.CALPH(3.2)*ALPHCtZ

3 ))
ALASIEEXPF (-CkhX*DbS l
ALOS2gEXPF(-CEY*DSI)
ALA~S3gEXPF-CI;Y*(I)S.I)S

2 ))

DIEmPZ(0.5/CeNST)*(TI (l).tT(2f.(1.-ALOSI ' (fCT(l)#T~T3))v.AL8S2
I -ALPS3))
Gd T9 72

1 AL3SSS10.o&S-ATTN(3mK+l1 .053
TP2zALPH(C3,Kl)TT(K*l)AL8SS
CALL INTGRT(DStiDS2,TP1.TP2,TP3,OTEMP)

12 TtHP a IEmP*DIEMiP
D0fl1x0RDH3
TPI TP3
Yx yl 1Y3
Y12xYJ2
ANI~ z AN3

O1 CdNTINUE
60 CONTINUE

AIHPaTEMP$CONST
END

t

i '

: ~I -

e
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SLBRGLTI NL ALI4Af P042)

ccnH~eN/N2e/R~rsc
rIHENSIGN FTAPf23,FTRQ {(?3)
rtimiSmey rEL14(4)1,hX(4 )

CATA(CSNS IS.7149i (C6KST220,2046^E)
CATA(CSTH2(s 4,69j .
CATA (CV~u 75U64) aSPXJsi2ne46)
rAT45RPst6.2645591E4c% '.446d24;9.55 1rfo434A,61l1l. o 61.e ,2,4412,

ef2 99eo0640s685,4.1272#64,67,79*,1-224DOA5,762h,66,297P,$6,0d311
e,7,3627l 7,8923 ,e684205,68,947057,4741,,7,Zo 470,5249b 71 0497)

CATA(FTRMallfl.75e5,es,46f3,60,30^1§59,1642,5^s,3239,57,6125:56,°hlek
1,56,3634,5a, 7 6 39l.5'22l4954tA78o424,1294453.,5960,53in695,5 2,544 8

CATA (PTc

j9.9j473ke2#9,87VUE229 .776E2h2 a F .2,977l,7E27 2,9.736,
71r ?2

19.loo77E* 2 ,9,66 54 8E+.,,6e3429E62,5,595?1F*2,9,56025E*Z,9,5P5.6)-
2 ,

19,49058E-2,9.'45591E4!2,5,42145E-2,5,0PI30F-2,8.75129E#2,8 43109r*2,
ie 12047E#2.'7,6l921E,+2,7.5271PE-2.7.24391F*2,., w6943E42,.67r3<E*-2,
16,44561E 2 ,6,19622Eq2.',95459E*2. ,27?06, *2,5'.94271E*2.5.27a13J 2 .
1 5,'06319E2#4, C5872 2+2,4 65no6Eu,,4,46h46F-2,4Q26334226.4 .l1449F;
13. 93476E 2 ,4,76497E*2,3 ,6049PE*2,.3, 44fi6F*2i 3 ,29FI74E#2 ,3 ,1154ZOF*7.

13 01484tc*2#2.75110E*2 2 ,50h4.4E62:,2 27969F*2,2,0714RE*Z 1,i6;230Ea7.

1 2 271043E.2,1,5542dF*2,1,41241
E*2

;9,63Z!9E'#IL 75472P.1,7955Ele2liFlk'71E.,73 a.
15,i42901E-l1493447E~l,4r48J OTE-A3. t5AECF*1 ,278207,E1,2,lH4-VSF*lI
11, 73765E-1,7 ,30 270E-i ,. .1,537t-1 )

1.7 6,886E# 2.26796E 24 i *P77642*Z.8i66r*,2.S2733E E*2, *2.719f *20.

12 ,8697iE 0, 2 , 2.86274E0 *2 0..Z 377F-2 23.61 079E' *.J,1"l: Z0.

1j#2 5783E#2#2,65512.E*22, 53e.7E-2 fi8s l4F4b0 .4499.E*22.04792 .*2v

12,84594E*2 2.643972oE 0, oe436E627,2,2217F.A2C602E7Eu2.2.74252f120
12.76976E-92 o,742960 2.72 31'OE-2c,70331Et2,.68357EE ,2.6S07.F-2,.

12,64399E02.S2,64?0Fb2 f,6443E72, 45r 4632 - 2, .564E5E-2,.2,J45E07-2.
12 52529E+ -2,250551.7222, 4574E-21 ,,4F597FF*?,-, 7 44120- 22.2@464j. *-

12:40666E-2#2,3P609E4c2,2,67I:§E*2,2cj4737F-*7,2.3270lE*2,2,3n725r-2,
12,t2e889E*2p2,2485lte4-2p72U90j9E42o,210'96QF*P 2.216~h6-'J*c22,IA6A05-2,
12,16660E-2,2,16660F*2,2.16fw6nE42,2cale6hO;*2 7 16AfhUE-co2,l"6tUF-2#

12,16660E-2i2.16660F#2,2,16065Ln2-2,l~thDF-2t2.16AeinE-2,2.10069f-7,
12.23602E*2,2,28134E#csc*32664E-Z2)

TI-E FELLe'*ltNS CATA CARE$ i'CkF r#E tLPTEr 1e/28/72, HINWRPYFISITS ,-

CATA(R~z 7,50OFo 0, 7,4ss6eAE no 7,37179F 0. 7,30779L r,.

7,24387E o. 7,1dOCr4F O 7.116.-40r o. 70n567E n, O.59Qt7F 0.

1 6,92775E Co 6edc.47E O, 6.799s4.3F OD h, 73633E 0. bt.6?3C7 O.

I 6,61077E 0. 6,50;22E 0. 6,4a5ruF 0,0 h,42364E 0. 6 3^1AZE 0,

I 6.29979S C. 6,2SPIAE o. 5,6Z3.19F 0, 5enn544(t o, 4,5n5l5rw o,

1 3,98936E 0, 3,5U702E 0, 3,0467'F 0, P,h2639F 0i, 2.2:98;0E 0.

1 1,90459E o, t Alc,711 0. j,3A*GZC; 0, 1,t8t2hE 0. 1,C1091E U.

I E,64635E *;, 7 3d447E -1. 6 210176f -1, 5,34311E -1 . 4,521,15' -1.,

I 3j8359BE -1. 3 72,E24E -1. 2c7974EF -1, 1,.314.;}jE -4, 1.9 1717r -_1

I 1,56021E -', 1,236e7E -I, 5 4^5rrF- -2. 7,08f14tiE -2, 2.2c315E -2.

t C dh489E -2, 1.70-ccOE -2, I 039'1P -2, 6.45190E -1, 4,012r4L -3.

my-MMMM I .
�"W-Wmqm 

I's-

a-4-u

74
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1 Z.3z49F b.J .,46f90E -3. 1.0'299F -3, 9,112707E -4. 6.411642E .4,

75910' 43h 4. 7 14460E -4. 6,.37684F *44 3,7996?E -45 5.5137E 04.

1 7, 0 6726F *., 86,'J64E -4, 9,09ir5F -4, 7,3214JE -4. 5,65102F '4.

1 4,40224F .4)

Frjwz 0 Hi?. I .r.-rATA(CWHFAC1 ,* 3

F GH412 aGH I F G1, 2

FRA1i6eFGH2/rRh2f

F IF 2 (1 F G H7 .r 2 H 2.*2

jufl
IE-l0Og,
re iOC J'1,4
tMIiUPAX(J)
F~L41s;GH-~42)
rE 100 Js1t4

RE *PR(I) * RfIFAC
PFwxRC *IrcI)./?de,75

C YETAL PRESEUnE IS VRV.gTpC3qPWEPE FPESSUqE * PARTIAL PFSSURE eF

C .ATER VAPUP (PILLIFASS)I
FR2pP(I) * Ph/CVP
TSnsTI (1l) O' 

7

Hi V CELC H J )

IF (,.LE.Hi i 10.11
10 AL1,0 4

fiE 7e 115
11 IF (I .G b H2 ) i2 ,i3

12 AL1a1,37
- GE ye 15

13 ALla.64 * *7l7*("f-1)/r4Q00. ;
15 biALlrCOPIST29ALIOPPtI )/YTCI)

I6SA12iALlSIAL1
FG:HALl/(FCHZZHSA1 

.

rE 50 p';1.2J

AklxAN'1 *
LhP2zANo(2.*AKs3,)/AK1
LNH2zAN1-..AN'-1 )/AN
Ltn2z2.*(AANAAN*1, )*e2.2 *A1 .)/(*NOAN1)
FKPzlALj/((FTRP(0)4FGH7 ).-2*4A1A)*HAL1/((FTRP(H)*FG4Zl2*HSAl)
FrHzH.AL1/((FTA)h(H).FGl? ).z24..SAI)4HALI/((FTRM CH)*FGHZ)042+HSAI)
TERmc(FNPOLNP2*F&'M*UNM2*FO*Lbo?)*EXPF(-2,OA844iANOANI/TTfI))
SLmzSLM+TELFM

C ALPHC2xALPt.t(1.) IS ABS6RPTION CPErFICIEN7 FPR OXYMEN

ALPH'2 F C(NSI*(PR /TT(fl)*3)*FGtz2SJM 4
ALPH(1 I )mALPhF2

CELFxCELZE9O*(PPWOYTRE PP(I)*CVP .S'4l-TRGS* 63)O1E-3
rELF2'DELF *DFLF
FPRz2IRAT1erELF-(1 ,o/FSLM*nELF7)*1./(FLIF2*DFLF2))
ALPH22zCS .¢*F(;4L.PFH.w R3**3,5*,XPF(2.1440(1.-TRO)) FPR2

ALFRESh1,3e1F-2 * FGPZ2 * DS * PQ * TT(I)*e(-215)
C ALPHI(201) IS ARSnRFTleN COFFFIrlrNT FOR WATER VAPOR

: A

- - -w -

i

i

, i,- - - -. �v I

h

o
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ALPi(2,11) v ALPHIU * ALsh *'

r ALPR(JD) IN TOTAL £E5C5PT11" tcrrriclEiT
siLPhn(3I.) ALPH(1,) # )LPU(711)

ton CCh4tlUk
EhD .

'i� -- 'r t��-�,,V7 to -r-_w" 1!�lm W;!!, - � Tp�

I

I

I

i

-i

A

� � � - - ---1
r .e-nr.> 4,W,, ,wF .v . .:r: , . - - , , , , , ,, , , ,- a,,

- - -

- - 0

I

i

J

I.

i
i

i
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SuRllUTINk gQO4(H)

CdP4MON /RRG/RZVO.HDNAGRbQD*'J
C8HMM8N/DRS/ DS0H3,snR03vAN

Ex~qEt o.EXPI .urA0*'o.
v4X.(. sEX)

w1;4/Ihl 0

ORflb43aAp*Ds~t4J
END

SUqheuTiNE INTGRT (HjIoU2oy!Y2,Y3tAREA) 0s

Ha2sH2#H2

AIAt Ctt(i2 * Y.N9IY~euPH)/(H4q4P-
ANEA a (AFAC/J4*tW22*W2 * H12sHI) 4 ;y3-V2-AFAC*w?2)*tH?2-M);

1 21OH2) Y20kPH
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